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Abstract

The synthesis of 3,7-dimethyl-7-methoxyoctane-2-ol (Osyrol), an important sandalwood odorant, from
3,7-dimethylocta-1,6-diene (dihydromyrcene) was recently accomplished by two groups, both utilizing a
two-step epoxide formation and ring opening approach. Here, the synthesis of Osyrol from 3,7Dimethyloct-6-en-1-ol (citronellol) is accomplished in a novel six-step approach. The key steps in this
synthesis is the Wacker Oxidation of a terminal double bond followed by sodium borohydride (NaBH4)
reduction. Though most of the steps in this reaction scheme resulted in limited success, the key steps
occurred with high yields.
In the second chapter, the effects of 2-aminophenyl-1H-pyrazole (2-APP) as a removable directing group
for C(sp3)-H arylation was explored, as it has been successful in a multitude of C(sp2)-H activation
methodologies. The best results were obtained when silver acetate (AgOAc) was employed as a promoter
to the palladium II acetate (Pd(OAc)2) catalyst, and iodo-toluene as the aryl source. The reaction was
heated to 130 °C in toluene in a sealed microwave vial. This produced the arylated product in high yields
(~90%), when aryl iodide used had low steric hindrance and strong electron-donating groups.
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Chapter 1: Synthesis of 3,7 dimethyl-7-methoxyoctane-2-ol (Osyrol) from
Citronellol utilizing the Wacker Process
1.1 Introduction
Sandalwood oil is a highly valuable flavor and fragrance ingredient that is used in perfumes, food,
religious ceremonies, and cultural practices primarily in southeastern Asia. The fragrance has been
described as sweet, milky, nutty, spicy, and persistent. The molecules responsible for sandalwood oil’s
desirable fragrance comes from α- and β- santalol (Figure 1), which composes at least 80% of the
sandalwood oil, for the Indian sandalwood species, Santalum album.1 The current method for the
commercial extraction of sandalwood oil is to grind the heartwood of the tree into a powder and perform a
steam distillation. Extracting α- and β- santalol from sandalwood trees does have several obstacles that
obstruct its profitability. First, the sandalwood trees must be at least 25 years old before being harvested.
Secondly, S. album also grows mainly in India and growing a plantation for sandalwood trees has been
unsuccessful, due to a historic monopoly by a local government agency and disease. Furthermore, current
research on S. album indicates a wide variety of genetic variance, making it difficult to cultivate varieties
of S. album that optimize the growth of heartwood and oil production. These factors hinder sandalwood
production and make sandalwood one of the most expensive woods in the world. The oil can also cost up
to $4500 per kg.2 These economic drivers give synthetic sandalwood substitute odorants an opportunity to
emerge.

Figure 1. α- santalol (left) and β- santalol (right).

Both α- santalol and β- santalol have been previously synthesized. 3,4 In 1970, E.J. Corey et. al. at
Harvard synthesized α- santalol starting with bromotricyclene, a derivative of bromocamphor, which is a
available as a sedative agent.3 The synthesis was completed in eight steps with careful regio- and stereoselective approaches and the synthesis and intermediates are displayed below in Figure 2. The general
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strategy was to introduce an alkyne functionality to the camphor backbone by reacting the
bromotricyclene compound (Fig 2.,7) with lithio-1-trimethylsilylpropyne. The silyl group is then
removed, and potassium cyanide is added to provide the acetylide, which is then treated with
formaldehyde to form a propargylic alcohol (Fig 2., 10). The alkyne is then treated with n-butyllithium
and diisobutylaluminum hydride, followed by iodine to reduce the alkyne into an iodo-allylic alcohol (Fig
2., 11). The allylic alcohol was converted a vinyl methyl group over two steps (Fig 2., 13), and then the
iodo group was converted into a methyl ester (Fig 2., 14). Reduction of the methyl ester with aluminum
hydride formed α- santalol (Fig 2., 15a).

Figure 2. E.J. Corey’s α- santalol (15a above) reaction scheme (ref).

E.J. Corey’s synthesis of α- santalol shows that it is possible to create this complex molecule, but
is more suited as a means to display the art of synthesis and proof of concept. This synthesis could not be
scaled to satisfy the demand for α- santalol and required the use of several compounds that are dangerous
on a large scale, such as potassium cyanide, lithium bases, and formaldehyde. The use of lithium bases is
also extremely exothermic, making it necessary to cool these reactions down to -78 °C, which is very
energy intensive. Finally, the synthesis also required the use of a protecting group, which is not efficient
in terms of atom economy.
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Recently, researchers at the University of British Columbia began exploring the metabolic
synthesis of santalol compounds in sandalwood trees. They identified the genes needed to synthesize
santalol from terpene precursors and inserted these genes into yeast. By growing the yeast, they were able
to synthesize different santalol compounds and verified the products by GC-MS and NMR.5 Metabolic
engineering is currently used to produce several other valuable chemical compounds and may eventually
be the future source of santalol compounds. However, these pathways still need to be further explored
before scaling to large fermenters, which is an expensive process.6 The drawbacks of large-scale chemical
synthesis and biosynthesis opens the door for simpler and scalable sandalwood fragrances to emerge, such
as Osyrol, the tradename of 3,7 dimethyl-7-methoxyoctane-2-ol (Figure 3).
Osyrol, is a compound with floral and woody fragrance notes, similar to sandalwood oil and is an
attractive synthetic sandalwood oil replacement since its synthesis is much simpler compared to α- and βsantalol. The carbon backbone for Osyrol comes from citronellol (Figure 3), which is present in lemongrass
and roses, meaning no new carbon-carbon bonds need to be formed. This makes the total synthesis of Osyrol
alluring since it simplifies the synthesis by focusing mainly on alkene and redox chemistry. These chemical
transformations can also be performed using relatively mild reagents and catalysts, which makes it safer to
scale, and allows one to synthesize this molecule while following the principles of green chemistry.

Figure 3. Citronellol (left), a naturally occurring terpene in lemongrass and roses,
and Osyrol (right), a synthetic sandalwood odorant.

The synthesis of Osyrol has been achieved by several research groups. In 2010, the Wang group
at the Shanghai Institute of Technology synthesized Osyrol from citronellene, also utilizing green
chemistry principles.7,8 Their method to form methoxycitronellene was to use a catalytic amount of
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concentrated sulfuric acid in a solution of methanol. They then treated this derivative with hydrogen
peroxide and a tungsten-phosphorous catalyst to form the terminal epoxide that they opened using
potassium borohydride, yielding Osyrol (Figure 4).

Figure 4. Wang synthesis of osyrol from citronellene.

A 2016 study at the National Institute of Technology in India used a similar approach with different
reagents.9 The Parthasarathy group prepared the methoxycitronellene in the same manner (Figure 5), then
converted the remaining alkene into the epoxide using urea, hydrogen peroxide, and disodium phosphate.
Similarly, they also used a hydride to open the epoxide, but opted for Vitride™ (a safer alternative for
LiAlH4) rather than potassium borohydride.

Figure 5. Parthasarathy synthesis of osyrol from citronellene.
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1.1.2 The 12 Principles of Green Chemistry
Green chemistry, as defined by the Royal Chemical Society, is the utilization of a set of principles
that reduces or eliminates the use of or generation of hazardous substances in the design, manufacture, and
application of chemical products. There are twelve green chemistry principles that have been
conceptualized by Paul Anastas and John Warner at Standford University. Green chemistry is being adopted
by more companies since efficient processes are imbedded in green chemistry principles, which can reduce
input costs, as well as satisfy consumers wanting safer and sustainable products. Of the twelve principles
of green chemistry, the proposed synthetic route encapsulates a less hazardous chemical synthesis,
reduction of derivatives, safer auxiliaries, use of renewable feedstocks, and catalysis. These green chemistry
principles are summarized below.10
1. Less Hazardous Chemical Syntheses: minimizing the use of highly reactive or toxic compounds.
This principle is particularly hard to address for chemists since reactive reagents are often required
for chemical transformations. Most synthetic chemists do not consider using less reactive chemicals
to achieve their goals because it will make their synthesis more difficult. However, this practice
exposes chemists to more risks on the job, and more dangers in the waste stream. Implementing
this process will protect scientists and the people that deal with their waste.
2. Safer Solvents and Auxiliaries: the use auxiliary substances (solvents, separating agents, etc.)
should be made unnecessary whenever possible and innocuous when used. Solvents account for
the 50-80 percent of the mass used in a standard chemical reaction, and most of the environmental
impacts and workplace hazards associated with a chemical process. Using more solvents also leads
to using more energy since solvents are routinely heated, cooled, distilled, mixed, pumped, and
filtered. Solvents will always be needed in organic chemistry, but when selecting solvents, the
toxicity, environmental impact, and energy requirements should also be considered.
3. Use of Renewable Feedstocks: the raw materials or feedstocks used in a chemical process should
be renewable whenever practical. Adopting this principle gives rise to many bio-based fuels,
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materials, and chemicals. Ideally, producing these bio-based materials from photosynthetic sources
will also capture more carbon than is expelled in creating it. Fulfilling this criterion will deem a
product “carbon-negative” making its production useful for sequestering carbon and combatting
climate change.
4. Reduce Derivatives: Unnecessary use of derivatives, such as protecting groups, blocking groups,
intermediates, should be minimized and avoided since their use requires additional resources and
can generate waste. One of the best examples of this principle in action is the industrial scale
transformation of Penicillin G to 6-APA, a derivative for semi-synthetic antibiotics. The first
industrial synthesis required using a silyl protecting group, followed by the formation of a
chlorimidate, and hydrolysis. The new synthesis introduces an enzyme called pen-acylase that can
achieve this transformation in one step at almost ambient temperatures.
5. Catalysis: catalytic reagents are superior to stoichiometric reagents. Catalysts can are used in
relatively small quantities, can be recycled for future use, and can shorten reaction times and lower
energy requirements. And as seen in the example in the previous principle, catalysts can shorten
synthetic routes and enzymatic catalysts in particular, can allow very specific chemical
transformations to occur.

6

1.2 Experimental
1.2.1 Reaction Outline
The overall synthesis is shown below in Figure 6. The project described here aims to use citronellol
(1) and convert it into citronellol-iodide derivative 2 via the Appel reaction.11 Citronellene 3 will then be
produced by E2 elimination of the iodide using potassium tert-butoxide.12 Citronellene will then be
converted to the methoxycitronellene 4 in the same acid-catalyzed etherification as described above.
Compound 4 will then be converted to methyl ketone 5 by the Wacker Oxidation process, which will then
be reduced with sodium borohydride into Osyrol (6).13

Figure 6. Overall synthesis of Osyrol (6) from citronellol (1).
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1.2.2 Materials and Instruments
Toluene, dichloromethane (DCM), tetrahydrofuran (THF), and dimethylformamide (DMF) were
purchased from Alfa Aesar. The 200 mircoM with UV254 thin-layer chromatography plates and 60
Angströms, 230-400 mesh silica gel were purchased from Sorbent Technologies. NMR analysis was
performed with an Agilent VNMRS spectrometer equipped with one NMR probe (500 MHz for 1H, 125
MHz for 13C). IR data was collected using a Perkin Elmer Spectrum 100 FT-IR spectrometer with solid
samples analyzed with a Universal ATR (attenuated total reflectance) sampling accessory. GC-MS data
was collected with a Hewlett Packard HP6890 Series GC System with EC-1 column and a 5973 Mass
Selective Detector.

1.3 Results and Discussions
Though the green chemistry aspect is a motivation for this synthetic route, the biggest motivator
was to discover a process that could be performed on an industrial scale. With that said, there are some
parts of the proposed scheme that could be greener and/or are not scalable. Though the reaction scheme is
grounded firmly within green chemistry principles, the success of this scheme was not measured using
those principles (such as atom economy, amount of waste generated, etc.). There are multiple instances
where the reactions could be greener and they will be discussed individually, along with other challenges
in the reaction scheme.
In the first reaction to form citronellene iodide was formed from citronellol in an 86% yield. This
yield is slightly inflated since NMR analysis shows left over hexane. The solvent choice for this reaction
could also be greener. The Appel reaction is usually performed with a chlorinated solvent like DCM or
CHCl3, but these solvents are harmful to human health and the environment. Some examples of better
solvents for this reaction are acetonitrile and toluene, and performing this reaction with these solvents
could be worthwhile.
We have also explored forming compound 2 utilizing the two step process of converting the
primary alcohol of 1 into a tosylate utilizing tosyl chloride, and then converting the tosylate into an iodide
utilizing the Finkelstein reaction, as pictured in Figure 7.15 Although this route proved to be successful,
forming 2 from 1 utilizing the Appel reaction consumed less time and resulted in a higher overall yield.
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Figure 7. Alternative synthesis of 2 starting from 1 utilizing the Finkelstein reaction

Even though converting the citronellene iodide to the diene is a straightforward E2 reaction, some
challenges arose. The reaction progressed well over time, as indicated from TLC, GC-MS, and the
formation of an insoluble potassium iodide salt. After the diene is extracted with hexane, the extract was
dried, filtered, and the solvent removed via rotary evaporation. However, the product was volatile and
much of it evaporated along with the ethyl ether. When this reaction was performed previously in
literature, the solvent was carefully removed at 200 mbar, but when we removed the solvent, the system
was at or near 0 mbar. This pressure may have been too low for the product, resulting in a low yield,
however, enough of the diene was produced and the product was pure enough to proceed to the next step.
Though converting citronellene to methoxy citronellene in high yields was reported earlier in two
different research groups, we experienced limited success. The reaction was monitored by TLC and was
progressing very slowly after several hours of reflux. More sulfuric acid was added to increase the rate of
the reaction but multiple products began to form. This is likely due to the terminal alkene also becoming a
methoxy ether, or possibly other degradation products forming, though none of the other side products
were isolated for analysis. Ultimately, the product was isolated but at a much lower yield than previously
reported in literature (31% yield).
The novelty of this reaction scheme arises mainly from the conversion of compound 4 to
compound 5. Previous Osyrol syntheses utilized forming a terminal epoxide from a terminal alkene.
Though both groups accomplished the synthesis in high yields, our group hypothesized that forming a
methyl ketone from the terminal alkene via the Wacker process would be advantageous since it is
generally accepted that terminal epoxides are hard to form due to poor electron densities. We expected the
Wacker process to require some optimization and planned to screen several different procedures, but to
our surprise compound 5 was produced in a quantitative yield on the first attempt. Palladium (II) acetate
was also screen as the catalyst, and the cosolvent was removed in hopes of forming the methyl ketone
faster and to use less materials, but these reactions never progressed to completion. One of our intents for
improving the feasibility of performing this reaction at a larger scale was to recycle the palladium catalyst
and copper oxidizing agent. The catalysts were easily removed by filtering the reaction solution through
Celite, however, the two metal catalysts were not readily isolable from one another and from the Celite. In
the future, it would be interesting to explore using a preformed palladium, copper, and Celite filter cake to
catalyze the next reaction, but a loss of the catalytic activity may occur. FT-IR analysis confirmed the
formation of ketone (1711.88 cm-1) and was subsequently reduced to Osyrol using NaBH4. The alcohol
peak was observed in FT-IR (see spectra), along with the disappearance of the ketone peak.
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1.4 Conclusion
In summary, the reaction scheme that was outlined proved to be a valid route to produce Osyrol
from citronellol. Several steps were inefficient, but the compounds produced from these steps are readily
available on an industrial scale. Compound 4 is known in industry by its common name,
dihydromyrcenol, and is widely used in the soaps, detergents, air fresheners, and perfume industry.
Though the global production volume of compound 4 is not commonly available information, it is
recognized as a High Production Volume (HPV) substance, which requires global production or
importation to be at least 1 million lbs. per year, by global trade organizations and regulatory agencies
like the United States EPA.16 The key step in this scheme was the Wacker oxidation of compound 4 and
this step along with the subsequent reduction was successful. The original intent of designing this reaction
scheme was to scale the production of Osyrol, but the inability to properly recycle the palladium catalysts
makes this process too expensive to scale. Nonetheless, this process remains a novel pathway to
synthesizing Osyrol.
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1.5 Experimental
1.5.1 Synthesis of 1-iodo-3,7-dimethyl-6-ene

Equiv

1

3

1.1

1.2

0.86

Citronellol

imidazole

PPh3

I2

Product

MW

156.27

68.07

262.29

253.80

266

mmol

64

192

70.4

76.8

55

grams

10.00

13.07

18.46

19.50

14.64

Iodine (19.50 g, 76.8 mmol) was added to a solution of imidazole (13.07 g, 68.07mmol) and PPh3
(18.46 g, 70.4 mmol) in 400mL of dichloromethane in a 1000mL round bottom flask and stirred for 10
minutes in an ice-water bath. Compound 1 (10.00 g, 64 mmol) was added in slowly over 15 minutes. The
reaction was capped with a septum and balloon and covered with foil to block background light. The
solution was allowed to stir overnight at room temperature and quenched with a 200mL of an aqueous
saturated Na2S2O3 solution and allowed to stir until the organic layer became clear. The mixture was
transferred into a separatory funnel and the organic layer was removed. The aqueous phase was extracted
with dichloromethane (3x 50 mL), washed with brine, and dried with MgSO4. The organic layers were then
filtered and the solvent was removed by rotary evaporation and triphenylphosphine oxide precipitated out
as a white solid. The white solid was broken into smaller pieces and the desired product was extracted with
hexane (3 x 100 mL). The hexane was removed by rotary evaporation and leaving a slightly yellow oil. The
crude product was purified by gradient elution column chromatography (5% Et2O in hexane to 50% Et2O
in hexane) to recover citronellyl iodide (86% yield). 1H NMR (500 MHz, Chloroform-d) δ 5.10 (tq, J = 7.1,
1.4 Hz, 1H), 3.26 (td, J = 9.2, 5.7 Hz, 1H), 3.18 (ddd, J = 9.6, 8.4, 7.1 Hz, 1H), 2.06 – 1.98 (m, 1H), 2.01 –
1.83 (m, 2H), 1.74 – 1.64 (m, 4H), 1.62 (s, 3H), 1.60 – 1.49 (m, 1H), 1.35 (dddd, J = 15.0, 9.6, 6.4, 5.4 Hz,
1H), 1.33 – 1.24 (m, 1H), 1.18 (dddd, J = 13.6, 9.5, 7.8, 6.0 Hz, 1H), 0.90 (d, J = 6.6 Hz, 4H).
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1.5.2 Synthesis of 3,7-Dimethyl-1, 6-octadiene

Equiv

1

2.5

Iodide

tBuOK

Product

MW

266

112.21

138

Mmol

37.5

93.9

15.7

G

10.0

10.5

2.17

Potassium tert-butoxide (10.5 g, 93.9 mmol) was added in 2 gram portions to a solution of 2 (10.0
g, 37.5 mmol) in anhydrous THF (150 mL) at 0 °C. The mixture was stirred at room temperature for 1
hour then quenched with an aqueous saturated NH4Cl solution. The solution was extracted with diethyl
ether (×3 20 mL) and combined organic layers were washed with brine. The organic layers were dried
over MgSO4, filtered, and the solvent was removed by rotary evaporation. 2.17 g of the diene, 3 was
recovered as a colorless, volatile, liquid (42% yield). 1H NMR (500 MHz, Chloroform-d) δ 5.71 (ddd, J =
17.6, 10.3, 7.5 Hz, 1H), 5.11 (tp, J = 7.1, 1.5 Hz, 1H), 4.97 (ddd, J = 17.2, 2.0, 1.2 Hz, 1H), 4.93 (ddd, J =
10.3, 2.0, 0.9 Hz, 1H), 2.19 – 2.07 (m, 1H), 2.05 – 1.91 (m, 2H), 1.69 (q, J = 1.3 Hz, 3H), 1.61 (d, J = 1.4
Hz, 2H), 1.40 – 1.29 (m, 2H), 1.32 – 1.22 (m, 1H), 1.00 (d, J = 6.7 Hz, 3H), 0.93 – 0.86 (m, 1H).
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1.5.3 Synthesis of 7-methoxy-3,7-dimethyl-1-ene

Equiv
diene

CH3OH

H2SO4

Product

MW

138

32

98

169

g

2.00

10

0.15

0.766

mmol

14.5

1.53

4.5

To a stirred solution of 3 (2.00 g, 14.5 mmol) in methanol (15 mL), conc.H2SO4 (0.15 g, 1.53
mmole) was added. The reaction mixture was refluxed for 6 hours. The progress of the reaction was
monitored by TLC (1:9 diethyl ether:hexane). The mixture allowed to cool to room temperature then
slowly poured into ice water (30 mL). The resulting solution was extracted with hexane (3 x 50 mL). The
combined hexane extracts were washed with saturated aqueous NaHCO3 until neutral pH. The organic
layer was separated, dried over sodium sulphate and solvent evaporated by rotary evaporation to give
0.766 g of 4 in 31% yield as colorless liquid. 1H NMR (500 MHz, Chloroform-d) δ 5.70 (ddd, J = 17.6,
10.3, 7.6 Hz, 1H), 4.96 (ddd, J = 17.3, 1.9, 1.1 Hz, 1H), 4.91 (ddd, J = 10.3, 2.0, 0.9 Hz, 1H), 3.18 (s, 3H),
2.15 (tt, J = 13.3, 7.4 Hz, 1H), 1.51 – 1.42 (m, 1H), 1.45 – 1.37 (m, 1H), 1.37 – 1.23 (m, 4H), 1.14 (s,
6H), 1.00 (d, J = 6.7 Hz, 3H).
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1.5.4 Synthesis of 7-methoxy-3,7-dimethyloctan-2-one

Equiv

1

1.0

0.05

1

olefin

CuCl

PdCl2

Ketone

MW

170

99

177

186

mg

766

445

40

837

mmol

4.50

4.50

0.225

4.50

To a solution of the 4 (766 mg, 4.50 mmol) in a mixture of DMF: H2O (2.3 mL, 7:1) in a 10-ml RBF was
added CuCl (29 mg, 0.29 mmol) and PdCl2 (5 mg, 0.029 mmol). An oxygen balloon was inserted and the
suspension was stirred at rt overnight after purging the flask. The reaction was diluted with water (15
mL), extracted with EtOAc (3x 15mL), and the organic layers were dried with MgSO4, filtrated and
concentrated in vacuo to give the desired ketone, 5, which was pure enough for the next reduction step.
H NMR (500 MHz, CDCl3) δ 3.15 (s, 3H), 2.51 (h, J = 6.8 Hz, 1H), 2.13 (s, 3H), 1.72 – 1.51 (m, 2H),

1

1.46 – 1.39 (m, 2H), 1.33 – 1.23 (m, 4H), 1.13 – 1.05 (m, 9H). 13C NMR (126 MHz, cdcl3) δ 212.77,
74.40, 49.07, 47.18, 39.95, 33.33, 28.03, 24.90, 24.85, 21.55, 16.22. FTIR (neat, ATR, cm–1) 2971, 2938,
1711, 1460, 1363, 1147, 738. GC-MS (ESI, m/z) calcd for C11H22O2: 186.1620, found: 186.
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1.5.5 Synthesis of 7-methoxy-3,7-dimethyloctan-2-ol

Equiv

1

0.5

1

ketone

NaBH4

Alcohol

MW

186

38

188

mg

539

55

545

mmol

2.90

1.45

2.90

To a solution of 5 (539 mg, 2.90 mmol) in 5 mL of anhydrous ethanol was added NaBH4 (55 mg, 1.45
mmol) and the reaction was stirred at RT for 1 h. Water (2 mL) and 10% NaOH (5 mL) was added to
quenched the reaction. It was extracted with EtOAc (3×30 mL). The organic layers were combined,
washed with brine, dried, filtered and concentrated in vacuo. The residue was pure enough the desired
osyrol, 6, as a clear liquid (501 mg, 92%).
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1.7 Spectra
1.7.1 Spectra of 1-iodo-3,7-dimethyl-6-ene

Figure 8. 1H NMR of 1-iodo-3,7-dimethyl-6-ene

Figure 9. 13C NMR of 1-iodo-3,7-dimethyl-6-ene
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Figure 10. GC-MS chromatograph of 1-iodo-3,7-dimethyl-6-ene
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1.7.2 Spectra of 3,7-Dimethyl-1, 6-octadiene

Figure 11. 1H NMR spectra of 3,7-Dimethyl-1, 6-octadiene
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Figure 12. GC-MS chromatograph of 3,7-dimethyl-1, 6-octadiene
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1.7.3 Spectra of 7-methoxy-3,7-dimethyl-1-ene

Figure 13. 1H NMR spcectra of 7-methoxy-3,7-dimethyl-1-ene
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Figure 14. GC-MS chromatograph of 7-methoxy-3,7-dimethyl-1-ene
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1.7.4 Spectra of 7-methoxy-3,7-dimethyloctan-2-one

Figure 15. 1H NMR spectra of 7-methoxy-3,7-dimethyloctan-2-one

Figure 16. 13C NMR spectra of 7-methoxy-3,7-dimethyloctan-2-one
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Figure 17. FT-IR spectra of 7-methoxy-3,7-dimethyloctan-2-one
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1.7.5 Spectra of 7-methoxy-3,7-dimethyloctan-2-ol

Figure 18. 1H NMR spectra of 7-methoxy-3,7-dimethyloctan-2-ol

Figure 19. 13C NMR spectra of 7-methoxy-3,7-dimethyloctan-2-ol
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Figure 20. GC-MS chromatograph of 7-methoxy-3,7-dimethyloctan-2-ol
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Figure 21. FT-IR Spectra of 7-methoxy-3,7-dimethyloctan-2-ol
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Chapter 2: sp3 Arylation on the β Position of a Carboxylic Acid using a
Removable Directing Group
2.1 Introduction
In the past several decades, transition metal catalyzed C-H functionalization has gradually emerged as
a straightforward and powerful tool to synthesize highly valuable compounds (see Figure 10). The first CH activation reaction was performed by Joseph Chatt in 1965, for the insertion of ruthenium, in the form
of RuCl2(dmpe)2, into the carbon-hydrogen bond of naphthalene.1 The C-H bond activation is a reaction
where a carbon-hydrogen is cleaved to obtain a new carbon bond such as carbon-carbon, carbon-oxygen,
or carbon-nitrogen by using a transition-metal catalyst. The general reaction mechanism is shown in
Figure 1.

Figure 1. General scheme of C-H functionalization. (Mild metal-catalyzed C–H activation: examples and concepts)2.

C-H activation provides a new way to introduce functional groups by avoiding routes that usually
take several steps to form the target molecule. Traditionally, chemists synthesized a desired compound by
transforming reactive functional groups, such as halides with Grignard reagents, because transforming an
inert C-H bond was not viable. However, with advances in C-H bond activation, synthesizing target
molecules directly from seemingly inert C-H bonds becomes possible. These processes are also favorable
because they have low E factors (kg waste/kg product), thus reducing the amount of waste generated.
Because C-H activation can reduce the amount of chemical waste, uses mild reaction conditions, and may
have a more efficient atom economy, it falls in line with the spirit of green chemistry.
Since the early report on directing group (DG) assisted cobalt-catalyzed site-selective C–H
functionalization in the mid-1950s.3 This type of C–H activation has been the subject of intense research
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in organic synthesis functionalization. As the name suggests, directing groups promote the
regioselectivity of the C-H bond activation and will be discussed in section 2.1.2.
In 2016, our group discovered that 2-aminophenyl-1H-pyrazole (2-APP, Figure 2) can be used as a
directing group in C-H activation reactions. Since this discovery, we have successfully performed many
reactions such as C(sp2)-H arylation, amidation, sulfonamidation, chlorination, alkynylation and
annulation.4-5

Figure 2. 2-APP, the directing group

The goal of the research described here is to extend the use of 2-APP in C(sp2)-H arylation to better
understand C(sp3)-H arylation. Because of their high bond-dissociation energy and low polarity, the C(sp3)H bond in alkanes are very inactive and thus hard to functionalize.

2.1.1 Palladium Catalysts in C-H Activation
A Pd(II) catalyst is almost always used when C-H activation reactions involve a bidentate directing
group, such as with 2-APP. In 2005, Daugulis et al. proposed a general mechanism for a Pd(II)/Pd(IV)
catalyst system when 8-AQ is used as the directing group, but its understanding still remains a subject of
debate.6 In some cases, promoters are also included in the reaction to enhance the activity of the palladium
catalyst.
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Figure 3. General mechanism for the Pd-catalyzed arylation according to Daugulis et al.6

After the discovery of Pd(II) to activate C-H bonds in the 1960s, nitrogen directing groups were
found to promote the insertion of palladium into an ortho-C-H bond, which led to the formation of stable,
isolable intermediate complexes of Pd(II), when Pd(II) was used as the palladium source.7-12

Figure 4. Pioneering examples of Pd(II) palladacycles. 7-12

This reactivity was then extended to activated C(sp3)-H bonds with a wide range of monodentate directing
groups using palladium-catalyzed formation of C-C and C-X bonds8. In contrast, the exploitation of
bidendate directing groups in palladium-catalyzed transformations has emerged only very recently.13

2.1.2 Utilizing Directing Groups
In the realm of C-H bond functionalization removable directing groups are preferred because the
products may be further manipulated after the directing groups are recycled. 9 Important representative
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removable

directing

groups

include

Daugulis’s

8-aminoquinoline

(1,

Fig.

1),9

Yu’s

2-

aminophenyloxazoline (2, Oxa),10 Shi’s 2-(pyridine-2-yl)isopropylamine (3, PIPamine),11 Niu and Song’s
2-aminopyridine 1-oxide (PO, 4),12 and others.13

Figure 5. Removable directing groups and intermediates (see text for references)

For amide A and B, a basic nitrogen is needed to work in concert with the amide functional group
to form the bidentate moiety. In the same vein, benzamide B might form intermediate Bʹ, which is a 5–6
bicycle with the transition metal at the center after cyclopalladation via a concerted metalationdeprotonation (CMD).
The Li group hypothesized that benzamide C using “2-amino-phenyl-5-membered aromatic
heterocycles” as a class of removable directing group might behave similarly to previously reported
removable directing groups and perhaps prove to be superior for certain C–H functionalization reactions.
The 5-membered aromatic heterocycles would have two neighboring nitrogen atoms, which would chelate
separately or in concert with the central transition metal, giving rise to an intermediate resembling Cʹ. Once
intermediate Cʹ is formed, functionalization will ensue in a similar fashion to existing removable directing
groups.
After the Li group examined seven 2-aminophenyl-5-membered aromatic heterocycles, 2aminophenyl-pyrazole (2-APP, Figure 2) emerged as an efficient removable directing group for C–H
amidation and especially for sulfonimidation.14 A copper-mediated etherification using 2-APP as a
removable directing group was reported soon after the appearance of the Li group’s first disclosure.15 A
copper-mediated sp2 C–H chlorination was successful employed using trichloroacetamide as an
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unprecedented chlorine source for C–H chlorination and 2-APP as the removable directing group.3 In
addition, 2-APP’s utility as a viable removable directing group was extended to palladium-catalyzed direct
C(sp2)–H ortho-arylation of benzamides.4 Based on this success, the methodology from C(sp2)–H bond
functionalization should extend to C(sp3)–H bond functionalization.

2.1.3 Introduction to C(sp3) Arylation
In the literature, C(sp3)–H bond arylation has been achieved employing several transition metals as
catalysts.18 Palladium (II) is the most prevalently employed transition metal catalyst for such
transformations.19 Ruthenium (II),20 copper (II),21 nickel (II),22 and iron (II)23a/(III)23b catalysts have also
been used as catalysts to facilitate C(sp3)–H bond arylation.
In 2005, Shabashov and Daugulis reported that the primary C(sp3)-H bond of 2-ethylpyridine
underwent a clean Pd(II)-catalyzed arylation (Figure 6a).24 However, the scope of this reaction was very
limited. They suggested that to improve the generality of the method, the pyridine moiety should be part of
a removable auxiliary, such as detachable 8-aminoquinoline (8-AQ, Figure 6b).

Figure 6a. Pd-catalyzed arylation of 2-ethylpyridine

Figure 6b. 8-aminoquinoline (8-AQ)

After this, the Daugulis25 and Corey26 groups have independently developed a Pd(II) catalyzed 8AQ directed arylation of beta-C(sp3)-H bond for amide derivatives.
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Figure 7. 8-AQ direct Pd(II)-catalyzed arylation

The scope of this reaction has been extended to a broad spectrum of different kinds of compounds,
including olefins, aliphatic acids, amino acids derivatives with moderate to excellent yields.27 Work by the
Shi group focused on the synthesis of unnatural -amino acids using 8-AQ as directing group with
aryliodide or arylbromide in the presence of Pd(II)-catalyst (Figure 8).28 This method turned out to be
interesting because it preserves the chirality during the reaction and has a wide substrate scope.

Figure 8. Shi group arylation of amino acids using 8-AQ

In addition, outside of the context of amino acids, Ramarao and Srinivasarao have reported a Pd(OAc)2catalyzed Z-selective arylation of acrylamides with excellent yields and high E/Z ratio (up to 2:98).29
Various amide based mono and bi-dentate directing groups have also been developed and
successfully used in C(sp3)-H functionalization. Some of them are shown in Figure 9.30

Figure 9. Amide based directing groups used in C(sp3)-arylation
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Finally, aryl substituted small carbocycles (3-4 membered rings) and lactones are widely present in various
natural products and drugs31 and some strategies for the synthesis of these types of systems using directed
Pd-catalyzed arylation have been reported.32

Figure 10. Compounds issued from total synthesis which involved Pd-catalyzed arylation

In conclusion, Pd-catalyzed arylation using a removable directing group is a relatively new
method and has already been extensively explored mostly because of its huge potential in term of
efficiency and selectivity. After encouraging results in our group utilizing 2-APP as a removable directing
group in C(sp2)-H functionalization, we speculate that we could extend our methods to C(sp3)-H
functionalization.

2.2 Reaction Outline
First, the directing group (2-APP) was synthesized on a large scale to provide enough for all the
experiments. It is commercially available but is too expensive ($83.8/g). The directing group can be
synthetized in two steps:

Figure 11. The two-steps synthesis of the directing group

A rapid analysis of the costs shows that this pathway is relatively inexpensive (Pyrazole: from
Sigma-Aldrich, $137.5/100 g = $1.38/g, 1-Fluoro-2-nitrobenzene: from Sigma-Aldrich, $211/250g =
$0.88/g).

Second, we synthesized the different substrates derived from the corresponding acids. The
procedure remains the same for all the aliphatic acids and is done in a one-pot transformation.
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Figure 12. Synthesis of amide substrates from corresponding carboxylic acid

In the first stage of the reaction, the carboxylic acid is converted to an acyl chloride utilizing
oxalyl chloride (COCl)2. The oxalyl chloride reacts with the catalytic amount of DMF to form a
Vilsmeyer-Haack reagent that acts as an electrophile for the nucleophilic carboxylic acid group forming
an intermediate that ultimately forms the acyl chloride once a free chloride attacks the carbonyl carbon.
After, direct -mono-arylation was done in one step:

Figure 13. The beta-arylation reaction

Though the directing group was not removed in this experiment, it was successfully removed during the
our past C(sp2)-H activation experiments. This is accomplished by hydrolyzing the amide bond in,
regenerating 2-APP as our directing group and the C-H activated product, as seen in Figure 14.34 For our
simplest C(sp3) arylated product, PA1, the hydrolysis is depicted in Figure 15.

Figure 14. Base hydrolysis of amide substrate to yield 2-APP and final product during C(sp2) trials

Figure 15. Proposed base hydrolysis of PA1 to yield final beta-arylated carboxylic acid and regenerated 2-APP

2.2.1 Experimental strategy
The first part of the project was to determine the best conditions to carry out the arylation of
aliphatic acids. Four parameters were tested, the palladium-catalyst, the promoter, the solvent and the
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temperature. A promoter is a substance that increases the catalytic activity of the catalyst, but does not
serve as a catalyst itself. The reaction was run with the p-iodotoluene, because the literature shows that it
works well with the other directing groups, and it is the simplest aryl iodide. It is slightly electrondonating and it does not present too much steric hindrance. The shortest and simplest amide with a position, N-(2-(1H-pyrazol-1-yl)phenyl)propamide (PA), was chosen to be paired with p-iodotoluene.

Figure 16. The simplest amide substrate, PA (left), and the reaction variables to be optimized to form PA1 (right)

With our reaction conditions optimized, the utility of Pd(OAc)2-catalyzed C–H arylation using 2aminophenyl-1H-pyrazole as the removable DG was explored. The amide substrate (PA) will remain the
same and twelve iodobenzene derivatives was attempted on a 10 mg scale.

Figure 17. Arylation of PA using different aryl iodides

The iodobenzene derivatives we used for the arylation cover a wide range of aryl iodides, including
those with electron-donating/electron-withdrawing groups, those that are sterically hindered, and those that
are ortho, meta and para substituted. The iodobenzene derivatives are shown below in Figure 18.
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Figure 18. The twelve different aryl iodides: 4-iodotoluene (R1), 2-iodotoluene (R2), iodobenzene (R3), 1-iodo-2nitrobenzene (R4), 3-iodobenzonitrile (R5), 1-iodo-4-nitrobenzene (R6), methyl 4-iodobenzoate (R7), ethyl 4iodobenzoate (R8), 4-iodoanisole (R9), 4-iodopyridine (R10), 1-bromo-4-iodobenzene (R11), 1-(4iodophenyl)pyrrole (R12).

All of the aryl iodides were tested and we were able to determine the which would be best for
optimized reaction conditions.

Figure 19. Arylation of different amide substrates with the best aryl iodide

Six different carboxylic acids were tested with differing lengths and branching of their aliphatic
chains. The volatility of the four shortest aliphatic acids also led us to do the reaction in one-pot.

Figure 20. The six different aliphatic acids

37

2.2.2 Materials and Methods
Toluene, dichloromethane (DCM), tetrahydrofuran (THF), and dimethylformamide (DMF) were
purchased from Alfa Aesar. The 200 mircoM with UV254 thin-layer chromatography plates and 60
Angströms, 230-400 mesh silica gel were purchased from Sorbent Technologies. NMR analysis was
performed with an Agilent VNMRS spectrometer equipped with one NMR probe (500 MHz for 1H, 125
MHz for 13C). IR data was collected using a Perkin Elmer Spectrum 100 FT-IR spectrometer with solid
samples analyzed with a Universal ATR (attenuated total reflectance) sampling accessory. GC-MS data
was collected with a Hewlett Packard HP6890 Series GC System with EC-1 column and a 5973 Mass
Selective Detector.

2.3 Results and Discussions
The directing group and its precursor were synthetized on a large scale (10 g starting material)
and both yields were excellent, resulting in a global yield of 93% (Figure 21).

DGP, 98%

DG, 95%

Figure 21.Directing Group Precursor (left,) and Directing Group (right) with isolated yields

The amides substrates needed for arylation were then prepared using the method described in
Figure 12. The yields of this reaction decreased as the length of the aliphatic chain increased, as seen in
Figure 22. This is likely because of the steric hindrance of the longer aliphatic chains with the carboxylic
acids listed in Figure 20.

Figure 22. Isolated yields of the amide substrates

Substrate DA and HDA were isolated in a 2% and 0.6% yield, respectively, though the actual
yield may be higher due to the difficulty of purificiation as the lengths of the aliphatic chains increased.
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We also tried to synthetize DA and HDA via a coupling agent pathway, but the products were barely
observed.

Figure 23. The coupling agent pathway

Nevertheless, the synthesis of DA and HDA were not optimized since there was enough of each
compound to attempt an arylation reaction. In the future, an effective pathway to lead to long-chain
amides should be explored.
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2.3.1 Optimized Reaction Conditions
For C(sp3)-H arylation using the simplest system of PA as the amide and the iodo-toluene as aryl
iodide, the first variable that was investigated was the palladium catalyst. Several palladium(II) catalysts
were screened under reaction conditions from our previous C(sp2)-H work. The results show that the only
catalyst that worked was Pd(OAc)2 with low yields (18%). This result agrees with other palladium
catalyzed C(sp3)-H functionalizations since most cases in the literature also use Pd(OAc)2 (see
introduction).

Figure 24. Reaction conditions while screening Pd(II) catalysts

Table 1: Screening of Pd(II) catalysts with AgO as the promoter and isolated yields.

Entry

Pd catalyst

Yield (%)

1

PdCl2

N.D.

2

Pd(TFA)2

N.D.

3

Pd(OAc)2

18

4

Pd(NO3)2·H2O

0

5

Pd(0)(dba)3

N.D.

Table 1 accounts for using AgO as the promoter, and the results in Table 2 show that it is not the
optimal promoter for this reaction. After screening several different silver promoters with varying
concentrations, the best results came from the addition of two equivalents of AgOAc, which drastically
increased the yield by 56%.
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Figure 25. Reaction conditions while screening for silver promoters
Table 2: Screening of silver promoters

Entry

Promoter

Yield (%)

1

AgO

18

2

AgOAc (2 equiv)

72

3

Ag2CO3

N.D.

4

AgNO3

N.D.

5

AgOAc (0.5 equiv)

41

6

AgOAc (1 equiv)

50
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Figure 26. Reaction conditions while screening for solvents and temperature

Table 3. Screening solvents and temperatures

Entry

Solvent

Yield (%)

Entry

Solvent

Yield (%)

1

p-xylene

47

6

Toluene/90 °C

N.D.

2

DMSO

N.D.

7

Toluene/100 °C

51

3

DMF

18

8

Toluene/130 °C

72

4

Dioxane

51

9

Toluene/140 °C

42

5

THF/80 °C

N.D.

8

Toluene/150 °C
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The conclusion drawn from the data in Tables 1, 2, and 3 is that silver acetate as the promoter and
toluene as the solvent provided the optimal conditions for the reaction. This reaction was also attempted
under several different temperatures and we found that 130°C worked best. When the temperature was
increased above 130°C, GC-MS revealed that many new products formed, probably due to thermal
decomposition, which severely reduced the yield.
The next variable that was screened was the amount of aryl iodide. The previous optimization
screenings used two equivalents of the aryl iodide, but GC-MS showed that starting material remained.
We increased the quantity of aryl iodide up to four equivalents to allow the reaction to reach completion
but a major problem arose; our desired mono-arylated product would react again and become di-arylated.
The exact quantities of mono-arylated and di-arylated product were not determined but this outcome must
be avoided since both products have similar RFs and are difficult to isolate.
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Figure 27. Arylation of PA by using four equivalents of iodo-toluene yields mono and di-arylated products

The reaction time was the last variable to be studied and we found no difference in yield between
a 24 hour run and a 48 hour run. The reaction could have been optimized further but spending more time
only led to marginal increases in yield. Therefore, the reaction conditions were deemed acceptable to
move forward with attempting this reaction with different aryl iodides and substrates.

Figure 28. Final optimized reaction conditions for C(sp3)-H arylation.
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2.3.2 Arylation of the propionic amide substrate using different aryl iodides
The twelve aryl iodides listed in Figure 19 were in the optimized reaction conditions, yielding the
twelve different products listed in Figure 30. Yields between parentheses are estimates based on TLC and
GC-MS. These reactions were all performed on a very small scale (10 mg) since the aim was to
determine if the reaction works and if it is worth it to scale-up the reaction in the future to determine exact
yields.

Figure 29. Aryl iodide scope of arylation of N-(2-(1H-pyrazol-1-yl)phenyl)propamide (PA)
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The reaction is highly sensitive to electronic effect and steric hindrance. The aryl iodides possessing
an electron-withdrawing group (PA4, for example) or an ortho position (PA2) do not work well, while aryl
iodides with strong electron donating groups, such as PA9, worked extremely well.

2.3.4 Arylation of different amides using 4-iodoanisole
Since 4-iodoanisole was the most reactive aryl iodide, it was used to arylate the other amide
substrates listed in Figure 28. Like the previous reactions, these reactions were conducted on a very small
scale (10mg), so the products were not isolated. In this case, the length of the aliphatic chain also
decreased the yield of the reaction. In the case of BA9 and i-BA9 below, it was inferred that when the position is substituted, the yield also decreases, most likely due to steric hindrance. This is particularly
interesting since i-BA contains six  hydrogens compared to BA’s three  hydrogens, one would expect iBA to have a statistically higher yield. However, it seems that steric hindrance dominates this statistical
advantage. DA and HDA substrates were also tried but for both products were not observed. It would be
interesting to try on other substrates with aliphatic chain length between VA and DA to determine the
threshold for successful arylations.

Figure 30. Amide scope of arylation using the most reactive aryl iodide, 4-iodoanisole
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2.4 Conclusion
The aim of this research was to expand upon the promising results of C(sp2)-functionalization by
using 2-APP as a removable directing group and apply it to C(sp3)-H arylation of aliphatic carboxylic
acids. The project was divided into three major parts, the first part was to achieve the synthesis of the DG
and all of the different substrates. The synthesis of the directing group and four of the six amides was
efficiently achieved. Longer aliphatic chains in DA and HDA are still an issue, and an efficient pathway
still needs to be determined. The second part of the project was to optimize the arylation reaction
conditions. A relatively effective set of parameters were determined to perform the arylation but more
improvements should be made to increase the yield to over 81%. The last section examined the C(sp3)-H
arylation with multiple aryl iodides. Despite the failure of half of the aryl iodides, the systems that did
react serve as a proof of concept. This procedure is currently only effective for aryl iodides which possess
no functional groups or an electron donating group, preferably in the para-position to reduce steric
hindrance. To build on this work future, it would be interesting to evaluate other aryl iodides with one or
many strong electro-donating groups. To conclude, our method is currently limited to select substrates
and aryl iodides. Before C(sp3)-H arylation can be employed as a reliable and robust methodology,
research on more reactive aryl substrates and better catalyst and promoter systems should be explored.
Nevertheless, this work, does show that it is possible to circumvent the lack of reactivity of C(sp3)-H
bond to arylate such bonds.
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2.6 Experimental
2.6.1 Preparation of 1-(2-nitrophenyl)-1H-pyrazole

A 500 mL round-bottom flask was charged with NaH (4 g, 60% in mineral oil, 99.3 mmol)
followed by addition of 100 mL of THF. The suspension was cooled to 0 °C and a solution of pyrazole
(5.79 g, 85.1 mmol) in 50 mL of THF was added dropwise via an additional funnel while H2 bubbles were
observed. After completion of addition, a solution of 1-fluoro-2- nitrobenzene (7.50 mL, 10.0 g, 70.9
mmol) in 50 mL of THF was added dropwise via an additional funnel. The ice-water bath was removed
and the yellow solution was stirred at room temperature for 3 h, at which point TLC analysis showed the
disappearance of the starting material 1-fluoro-2- nitrobenzene. The reaction was then poured to a
separatory funnel containing 100 mL of saturated aqueous NH4Cl solution and, after separation, the
aqueous layer was extracted with EtOAc (2 × 50 mL). The combined organic layers were washed with
brine (50 mL), dried (MgSO4), filtered and concentrated in vacuo. The residue as a yellow solid was
triturated with a mixture of acetone and hexanes (1:6) to give the desired product as a white crystalline
solid that was pure enough to carry out the next step of palladium-catalyzed hydrogenation for the nitro
group reduction (13.3 g, 98% yield).
Rf (EtOAc/Hex 1:3)= 0.28
H NMR (500 MHz, CDCl3) δ 7. 80 (dt, J = 8.1, 1.6 Hz, 1H), 7.68 (s, 1H), 7.70 – 7.61 (m, 1H), 7.61

1

(ddd, J = 7.6, 3.1, 1.4 Hz, 1H), 7.52 (dt, J = 8.0, 1.6 Hz, 1H), 7.45 (td, J = 7.8, 1.5 Hz, 1H), 6.44 (t, J =
2.2 Hz, 1H);
C NMR (126 MHz, CDCl3) δ 144.5, 142.2, 133.3, 133.1, 129.7, 128.4, 126.0, 124.9, 108.2.

13

49

2.6.2 Reduction of 1-(2-nitrophenyl)-1H-pyrazole

A 500 mL round-bottom flask was charged with 1-(2-nitrophenyl)-1H-pyrazole (10.0 g, 52.8 mmol) and
250 mL of EtOH. A catalytic amount of 10 wt% Pd/C (400 mg) was added and the flask was flushed with
hydrogen. The reaction was then stirred overnight under a balloon of H2 when the reaction was judged
complete according to TLC. After flushing the flask with N2, the catalyst was filtered and the solution
concentrated in vacuo. The residue was purified via a flash chromatography eluting with Ethyl Acetate/
Hexane (1:2) to give the desired aniline as an oil (8.0 g, 95% yield).
Rf(EtOAc/Hex 1 :3)= 0.3
H NMR (500 MHz, CDCl3) δ .75 – 7.68 (m, 2H), 7.24 (d, J = 1.6 Hz, 1H), 7.20 – 7.10 (m, 2H), 6.82

1

(dd, J = 8.0, 1.4 Hz, 1H), 6.81 – 6.73 (m, 1H), 6.45 – 6.40 (m, 1H), 4.66 (s, 2H, NH2);
C NMR (126 MHz, CDCl3) δ 141.13, 140.48, 129.90, 128.49, 126.45, 124.15, 124.13, 117.26, 106.39,

13
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2.6.3 General procedure for amidation

To a solution of carboxylic acid (3.66 mmol) and CH2Cl2 (5 mL) at 0°C was added 3–5 drops of DMF.
After effervescing subsided, oxalyl chloride (5.12 mmol) was added drop wise. After stirring at rt for 5h.
A solution of 2-aminophenyl-1H-pyrazole (3.29 mmol) in CH2Cl2 (5 mL) was added, followed by
triethylamine (3.66 mmol). The reaction was stirred at 0°C for 10 min, and room temperature for 2 h
when the reaction was judged complete by TLC, the reaction mixture was filtered. The filtrate was
washed with saturated ammonium chloride, and brine, the organic layer was dried over MgSO4, filtered
and concentrated in vacuo. The residue was purified by flash chromatography eluting with Ethyl Acetate/
Hexane (1:2) to give the desired amide.
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N-(2-(1H-pyrazol-1-yl)phenyl)propamide
White solid (0.77g, 98%), flash chromatography eluting with EtOAc/Hex (1 :2), Rf(EtOAc/Hex 1 :3)= 0.4
1
H NMR (500 MHz, Chloroform-d) δ 10.25 (s, 1H), 8.54 – 8.48 (m, 1H), 7.84 – 7.79 (m, 2H), 7.44 – 7.29
(m, 2H), 7.16 (ddd, J = 8.1, 7.4, 1.4 Hz, 1H), 6.52 (t, J = 2.2 Hz, 1H), 2.39 (q, J = 7.6 Hz, 2H), 1.22 (t, J =
7.6 Hz, 3H).
13
C NMR (126 MHz, cdcl3) δ 172.27, 141.05, 131.79, 130.24, 128.87, 128.08, 123.76, 122.89, 122.41,
107.12, 31.27, 9.49.

N-(2-(1H-pyrazol-1-yl)phenyl)butamide
White solid (0.91g, 89%), flash chromatography eluting with EtOAc/Hex (1 :2), Rf(EtOAc/Hex 1 :3)= 0.44
1
H NMR (500 MHz, Chloroform-d) δ 10.22 (s, 1H), 8.53 – 8.47 (m, 1H), 7.84 – 7.79 (m, 2H), 7.40 – 7.29
(m, 2H), 7.16 (td, J = 7.8, 1.4 Hz, 1H), 6.51 (t, J = 2.2 Hz, 1H), 2.33 (t, J = 7.5 Hz, 2H), 1.73 (dt, J = 14.9,
7.4 Hz, 2H), 0.96 (t, J = 7.4 Hz, 3H).
13
C NMR (126 MHz, cdcl3) δ 171.52, 141.07, 131.77, 130.25, 128.93, 128.07, 123.79, 122.96, 122.43,
107.12, 40.16, 18.84, 13.65.

N-(2-(1H-pyrazol-1-yl)phenyl)but-2-methylamide
White solid (0.79g, 95%), flash chromatography eluting with EtOAc/Hex (1 :2), Rf(EtOAc/Hex 1 :3)= 0.47
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H NMR (500 MHz, Chloroform-d) δ 10.28 (s, 1H), 8.51 (dd, J = 8.3, 1.4 Hz, 1H), 7.82 (ddd, J = 4.5, 2.2,
0.7 Hz, 2H), 7.40 – 7.30 (m, 2H), 7.16 (ddd, J = 8.0, 7.4, 1.4 Hz, 1H), 6.52 (dd, J = 2.5, 1.9 Hz, 1H), 2.52
(hept, J = 6.9 Hz, 1H), 1.22 (d, J = 6.9 Hz, 6H).
13
C NMR (126 MHz, cdcl3) δ 175.51, 141.00, 131.91, 130.24, 129.01, 128.07, 123.74, 122.95, 122.38,
107.11, 37.06, 19.38.
1

N-(2-(1H-pyrazol-1-yl)phenyl)pentamide
White solid (0.72g, 81%), flash chromatography eluting with EtOAc/Hex (1 :2), Rf(EtOAc/Hex 1 :3)= 0.5
1
H NMR (500 MHz, Chloroform-d) δ 10.21 (s, 1H), 8.50 (dd, J = 8.3, 1.3 Hz, 1H), 7.81 (ddd, J = 5.1, 2.2,
0.7 Hz, 2H), 7.40 – 7.29 (m, 2H), 7.16 (ddd, J = 8.1, 7.4, 1.4 Hz, 1H), 6.52 (dd, J = 2.5, 1.9 Hz, 1H), 2.39
– 2.32 (m, 2H), 1.72 – 1.62 (m, 2H), 1.36 (h, J = 7.4 Hz, 2H), 0.92 (t, J = 7.3 Hz, 3H).
13
C NMR (126 MHz, cdcl3) δ 171.69, 141.06, 131.79, 130.25, 128.93, 128.08, 123.78, 122.96, 122.43,
107.11, 37.98, 27.49, 22.24, 13.77.

N-(2-(1H-pyrazol-1-yl)phenyl)dodecamide
White solid (18 mg, 2%), flash chromatography eluting with EtOAc/Hex (1 :2), Rf(EtOAc/Hex 1 :3)= 0.67
1
H NMR (500 MHz, Chloroform-d) δ 10.21 (s, 1H), 8.50 (dd, J = 8.4, 1.4 Hz, 1H), 7.81 (dd, J = 3.4, 2.2
Hz, 2H), 7.45 – 7.29 (m, 2H), 7.16 (td, J = 7.7, 1.5 Hz, 1H), 6.51 (t, J = 2.2 Hz, 1H), 2.38 – 2.31 (m, 2H),
1.68 (q, J = 7.4 Hz, 2H), 1.34 – 1.24 (m, 19H).
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N-(2-(1H-pyrazol-1-yl)phenyl)hexadodecamide

White solid (9mg, 0.6%), flash chromatography eluting with EtOAc/Hex (1 :2), Rf(EtOAc/Hex 1 :3)= 0.73
1
H NMR (500 MHz, Chloroform-d) δ 10.22 (s, 1H), 8.49 (d, J = 8.3 Hz, 1H), 7.81 (t, J = 2.7 Hz, 2H), 7.40
– 7.29 (m, 2H), 7.16 (t, J = 7.6 Hz, 1H), 6.51 (d, J = 2.4 Hz, 1H), 2.34 (t, J = 7.6 Hz, 2H), 1.68 (q, J = 7.4
Hz, 2H), 1.34 – 1.24 (m, 27H).
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2.6.4 General procedure for palladium-catalyzed -arylation

A 10 mL microwave vial was charged with the substrate (0.46 mmol), followed by the palladium acetate
(0.046 mmol), silver acetate (0.92 mmol) and the iodobenzene derivative (1.84 mmol). After adding the
toluene (6 mL), the vial was closed and the reaction was heated at 130°C. After stirring at 130°C for 12
hours, the reaction was judged complete by TLC and the reaction mixture was filtered. The filtrate was
washed with saturated ammonium chloride, and brine, the organic layer was dried over MgSO4, filtered
and concentrated in vacuo. The residue was purified by flash chromatography to give the desired product.
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N-(2-(1H-pyrazol-1-yl)phenyl)prop-3-(4-methylphenyl)amide
Yellow solid, flash chromatography eluted with DCM, Rf(EtOAc/Hex 1 :3)= 0.45
1
H NMR (500 MHz, Chloroform-d) δ 10.27 (s, 1H), 8.50 (d, J = 8.2 Hz, 1H), 7.81 – 7.76 (m, 2H), 7.42 –
7.25 (m, 2H), 7.16 (t, J = 7.6 Hz, 1H), 7.13 – 7.05 (m, 4H), 6.50 (s, 1H), 3.02 – 2.94 (m, 2H), 2.68 – 2.61
(m, 2H), 2.31 (s, 3H),
13
C NMR (126 MHz, cdcl3) δ 170.61, 141.07, 137.53, 135.66, 131.58, 130.16, 129.56, 129.17, 128.85,
128.15, 128.03, 127.97, 123.86, 122.95, 122.34, 107.11, 40.00, 30.91, 21.00.
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2.7 Spectra
2.7.1 Directing group spectra

Figure 31. 1H NMR spectra of 1-(2-nitrophenyl)-1H-pyrazole

Figure 32. 13C NMR spectra of 1-(2-nitrophenyl)-1H-pyrazole
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Figure 33. GC-MS chromatogram of 1-(2-nitrophenyl)-1H-pyrazole
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Figure 34. 1H NMR of 2-aminophenyl-1H-pyrazole

Figure 35. 13C NMR Spectra of 2-aminophenyl-1H-pyrazole
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Figure 36. GC-MS chromatogram of 2-aminophenyl-1H-pyrazole
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2.7.2 Substrate Spectra

Figure 37. 1H NMR spectra of N-(2-(1H-pyrazol-1-yl)phenyl)propamide

Figure 38. 13C NMR spectra of N-(2-(1H-pyrazol-1-yl)phenyl)propamide

61

Figure 39. GC-MS chromatogram of N-(2-(1H-pyrazol-1-yl)phenyl)propamide
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Figure 40. 1H NMR spectra of N-(2-(1H-pyrazol-1-yl)phenyl)butamide

Figure 41. 13C NMR spectra of N-(2-(1H-pyrazol-1-yl)phenyl)butamide
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Figure 42. GC-MS chromatogram of N-(2-(1H-pyrazol-1-yl)phenyl)butamide
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Figure 43. 1H NMR spectra of N-(2-(1H-pyrazol-1-yl)phenyl)but-2-methylamide

Figure 44. 13C NMR spectra of N-(2-(1H-pyrazol-1-yl)phenyl)but-2-methylamide
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Figure 45. GC-MS chromatogram of N-(2-(1H-pyrazol-1-yl)phenyl)but-2-methylamide
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Figure 46. 1H NMR spectra of N-(2-(1H-pyrazol-1-yl)phenyl)pentamide

Figure 47. 13C NMR spectra of N-(2-(1H-pyrazol-1-yl)phenyl)pentamide
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Figure 48. GC-MS chromatogram of N-(2-(1H-pyrazol-1-yl)phenyl)pentamide
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Figure 49. 1H NMR spectra of N-(2-(1H-pyrazol-1-yl)phenyl)dodecamide
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Figure 50. GC-MS chromatogram of N-(2-(1H-pyrazol-1-yl)phenyl)dodecamide
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Figure 51. 1H NMR spectra of N-(2-(1H-pyrazol-1-yl)phenyl)hexadodecamide
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Figure 52. GC-MS chromatogram of N-(2-(1H-pyrazol-1-yl)phenyl)hexadodecamide
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2.7.3 Arylated Product Spectra

Figure 53. 1H NMR spectra of arylated product, N-(2-(1H-pyrazol-1-yl)phenyl)prop-3-(4-methylphenyl)amide

Figure 54. 13C NMR spectra of N-(2-(1H-pyrazol-1-yl)phenyl)prop-3-(4-methylphenyl)amide
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Figure 55. GC-MS spectra of arylated product, N-(2-(1H-pyrazol-1-yl)phenyl)prop-3-(4-methylphenyl)amide
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